Spinal cord injury (SCI) causes significant vascular disruption at the site of injury. Vascular pathology occurs immediately after SCI and continues throughout the acute injury phase. In fact, endothelial cells appear to be the first to die after a contusive SCI. The early vascular events, including increased permeability of the blood-spinal cord barrier (BSCB), induce vasogenic edema and contribute to detrimental secondary injury events caused by complex injury mechanisms. Targeting the vascular disruption, therefore, could be a key strategy to reduce secondary injury cascades that contribute to histological and functional impairments after SCI. Previous studies were mostly performed on postmortem samples and were unable to capture the dynamic changes of the vascular network. In this study, we have developed an in vivo duo-color two-photon imaging method to monitor acute vascular dynamic changes following contusive SCI. This approach allows detecting blood flow, vessel diameter, and other vascular pathologies at various sites of the same rat pre-and post-injury. Overall, this method provides an excellent venue for investigating vascular dynamics.
Introduction
Traumatic spinal cord injury (SCI) is a common injury leading to impairment of the motor, sensory, and autonomous function. According to the National Spinal Cord Injury Statistical Center (NSCISC) in 2016, approximately 282,000 persons were affected while 69% of them were mainly due to traffic accidents or falls 1 . These patients often require intensive care; however, no effective treatment is currently available. Therefore, new effective strategies towards SCI are urgently needed.
SCI is mainly divided into two phases: primary injury and secondary injury. The primary injury comprises the physical insult causing hemorrhagic necrosis at the site of impact 2 , followed by a series of secondary injury events, such as inflammation, cell apoptosis, and demyelination of remaining axons, that progressively lead to the expansion of morphological and functional deficits 3, 4, 5, 6 . Hemorrhage is the first visible sign of injury, indicating an immediate vascular disruption in the acute phase of SCI 7, 8 . A neuroprotective strategy aimed at reducing the early vascular damage could improve patients' recovery, but this requires a better understanding of the pathophysiological mechanism of early post-injury vascular events.
Despite previous studies using various methods to study spinal cord vasculature, significant limitations remain. The most shared disadvantage is studying only postmortem samples, for example, hydrogen clearance 9 , autoradiography 10 , microangiogram 8 , vascular corrosion casts 11 , and immunohistochemistry 12, 13 . Although Laser Doppler Flowmetry provides noninvasive real-time monitoring of spinal cord blood flow 14 , it is unable to differentiate between vascular systems and detect vascular morphological changes. Dynamic Contrast-enhanced MRI (DCE-MRI) is also noninvasive, but it generates low-resolution images and requires an expensive infrastructure 15 .
Although in vivo imaging using 2-photon laser scanning microscopy (2P-LSM) has been developed for studying vasodynamics in the cortex 16, 17, 18 1. Surgical Preparation 1. Sterilize all surgical tools including the spine stabilizer. Clean the surgical table and all the surrounding area with 70% ethanol. For preparation of the non-survival surgical procedure, place a clean surgical pad on the top of a 37 °C heating pad. 2. Use six week old Sprague Dawley (SD) rat for this study. Weigh and anesthetize the rat with an intraperitoneal injection of ketamine (87.7 mg/kg) and xylazine (12.3 mg/kg) mixture. Confirm proper stage of anesthesia when the animal ceases to respond to a toe pinch stimulus. Subcutaneously inject 0.01-0.05 mg/kg Buprenorphine and 5mg/kg Carprofen prior to surgery. 3. Shave the rat in 2 areas: the cervical spine region on the back and the neck region on the breast side. Swab the skin areas with betadine surgical scrub and 70% alcohol wipes. Apply eye ointment to prevent dry eye during surgery. Place the animal in a supine position on the clean surgical pad.
External Jugular Vein Catheterization
1. Locate the external jugular vein by finding the pulse point near the collarbone, and cut with a pair of small spring scissors to make a vertical incision on the spot,which is the cross-point of 3 anatomical points: caudal ramus of right mandible, greater tubercle of humerus and manubrium ( Figure 1A ). Isolate the vessel using spring scissors and fine forceps. Tie the distal end with 1 sterile surgical suture line( Figure  1C ) 20 . 2. Prepare one 1-mL syringe filled with saline and connected with a specialized catheter made from a 21-gauge needle ( Figure 1B) . Make a small incision using a pair of micro scissors on the vessel and slide the catheter into the vessel. 1. Secure the needle by tying both the proximal and distal end ( Figure 1C) . The specialized catheter is made from a 21-gauge needle. Grind the tip flat and weld with a 2-mm piece of tip cut off from another 21-gauge needle. This can prevent the catheter from slipping outside. Note: A small amount of blood flowing into the needle indicates that the needle has entered a blood vessel successfully.
Spine Stabilization and C5-C7 Laminectomy
1. Place the animal in a prone position. Cut the skin along the midline with a No. 15 scalpel blade at the desired spinal levels. Dissect the muscle layers from the 5 th to 7 th cervical vertebrae (C5-C7) bilaterally to expose the lateral facets (Figure 2A ) 21 . Note: Locate the second thoracic vertebra (T2) by finding the spike between the scapulae. Count upward from the T2 vertebra to find the C7 vertebra 21, 22, 23, 24 . 2. Stabilize the spine of the rat using a modified stabilizing apparatus. Make a slit on both sides of the lateral vertebral bone. Slide the stainlesssteel arms underneath the exposed transverse process facets and tighten the screws to secure stability ( Figure 2B ). 3. Carefully remove the C5-C7 laminae (laminectomy, Figure 2C ). 4. Place a small piece of saline-soaked gelfoam on top of the exposed dura mater to keep it moisturized (Figure 2D ).
Installation of Two-photon (2P) Imaging Window
1. Stuff small pieces of gelfoam into the gap between muscles and vertebral bones, also stuff a thin line of gelfoam between spinal cord and vertebral bones, then use tissue adhesive glue to seal the surrounding muscle-bone area. Wait 5 min for complete dryness ( Figure 2E) . Note: This step effectively prevents future bleeding into the window and leakiness of immersion solutions. 2. Prepare 4% agar with ddH 2 O in a microwave. After the agar is completely dissolved, wait until it returns to a touchable temperature. Fill a 1-mL sterile syringe with agar solution and pipe it onto the edge of the window to build a wall ( Figure 2E) . The solution solidifies quickly and remains flexible to allow the lens or objective to move freely. 3. When ready for imaging, remove the gelfoam and place immersion fluid inside the window for 2P imaging (Figure 2F) . Transfer the stabilized animal inside the 2-photon microscope dark chamber and place the 2P imaging window directly under the lens. Lower the lens carefully into the imaging window.
Injection of First Fluorescent Dye and Baseline Imaging
1. Prepare 0.5 mL of Rhodamine B isothiocyanate-Dextran (4 mg/mL average molecular weight ~70kDa) in saline. Fill a 1-mL sterile syringe with the solution and connect the syringe to the previously installed catheter. Note: Preparing the fluorescent dye solution before use is recommended. 2. Inject the first dye by depressing the syringe very slowly (Figure 3B) . First, use the eyepiece to identify the area of interest. Use a charge coupled device (CCD) camera to acquire a bright-field image of the surface blood vessel patterns at lower magnification as a landmark image. Switch to laser scanning mode and then open the 2P imaging software for collecting both images and line-scan data. 
Discussion
One challenge for vascular studies following SCI is the technical limitation because traditional techniques are largely restricted to vascular structure changes in postmortem samples. This novel in vivo imaging method described above enables dynamic measurement of blood flow and related parameters (velocity and vessel diameter) using 2P-LSM in live rats. It also allows repeated examination in the same sets of vessels at different time points following contusive SCI. Previous 2-photon microscopy imaging techniques were unable to capture post-trauma vascular structures due to the leakage of a single tracer. Our duo-color design enables dynamic vascular imaging for traumatic models. In addition, the flexibility of this method provides an opportunity to generate a temporal-spatial profile of acute vascular changes following SCI.
There are several critical steps in our in vivo duo-color imaging method. First, it is fundamental to ensure the physical stability of spinal cord prior to time-lapse imaging, particularly reducing breathing motion artifact. We designed the shape of spinal clamps to raise the height of spinal vertebra slightly during stabilization. Thus the movement of spinal cord correlating to the breathing animal can be greatly reduced ( Figure 1D-F, 2B) . It is recommended to check the stability of spinal cord prior to the beginning of each imaging session. If the spinal cord fails to achieve stability, the adjustment should be made to the alignment and tightness of spinal cord clamps. Second, peripheral tissue (bone, muscle layer, and skin) bleeding into the imaging window could risk contamination of the view. For a smooth imaging session, gelfoam and tissue adhesive glue should be applied to the surrounding tissue for effective prevention. Third, the fluorescent dyes we choose have a similar size as albumin (66 kDa), which is the main high molecular weight blood plasma protein. Under homeostatic conditions, the dyes were largely retained inside the vessel similar as albumin 28 . After the injury, the dyes passed through the disrupted endothelial structure and leaked into the parenchyma, causing a significant increased fluorescent intensity in the peripheral area of the vasculature (Figure 3F-G) . In addition, there are two reasons why we choose external jugular vein catheterization. First, it can provide a consistently accessible route of delivery at any time of the experiment. Second, it can be used as a route for future treatment injection.
Although our in vivo duo-color method is able to provide a novel venue for traumatic vascular imaging studies, some caveats regarding this technique must be addressed. Currently, this technique is designed to assess vascular changes at 2 time points (baseline and 1 post-injury time point), but it is feasible to switch to multiple time points if additional fluorescent dyes and channels are available. Although there are several studies using implanted glass window for chronic intravital imaging, none of them can provide baseline information on the same vessel after traumatic injury 19, 29, 30, 31, 32 . Unlike these studies, our window is a no-glass window. This is convenient for pre-and post-injury imaging, but it may be challenging for re-establishing the window for long-term observation. Our future research is working on the technical improvement for chronic imaging. The vascular system is composed of several vessel types (artery, vein, and capillary) and each is different in aspects of morphology and function. Differentiation among vessel types during imaging could help to tease out a clear pattern of vascular changes. The protocol above depends on the observer identifying the vessels based on morphology and velocity; however, an artery-specific dye can be easily added to give a more definitive classification between vessel types
